Gene repression and silencers are poorly understood. We reasoned that 4 1
as transcriptional silencers suggesting that we can identify silencers through However, there is no consensus yet in terms of how to identify silencers -1 1 0 notably, each of these methods identify different genomic regions as silencers, 1 1 1 raising the question of whether there may be different classes of silencers. Moreover, current methods for identifying silencers are laborious and require 1 1 3 complicated bioinformatics analyses and/or genome-wide screening ( "comparison of different human silencer identification methods"). A simple, easy to 1 1 5 perform method to identify silencers in the genome in a high-throughput manner 1 1 6 would be ideal. Further, we need more research in order to understand whether 1 1 7 there are different classes of silencers and to characterize the roles of silencers in 1 1 8 the genome. baits of different states were largely dominated by interacting regions of the same 2 7 2 state as the baits. In addition, the TMCO4 4C data showed that most 4C interactions 2 7 3 fell within the same MRR as the bait and only a handful of them were outside of the MRR. This suggest that MRR can have extensive internal looping. We also carried out 4C experiments on the same bait across different cell 2 7 6 lines. The interactions and the chromatin state at the bait locus varied in different cell 2 7 7 lines, but the interaction profile maintained a preference for the same chromatin state 2 7 8 as the bait (Figure S2P, S2Q) . As a further test of this concept, the extensive BB 2 7 9 long-range interactions (green arcs) connecting PSMD5 and TOR1A in K562 were 2 8 0 validated using reciprocal 4C bait design. When the PSMD5 bait region was A 2 8 1 (active) in either GM12878 or HAP1 cells, the BB interactions were largely reduced 2 8 2 and other types of interactions started to appear ( Figure S2P ). Next, we analyzed the transcription factors binding to the regions of MRRs which were then normalized to Z-score and clustered by hierarchical clustering.
8 9
Specific enrichments of one specific transcription factor can be found in several 2 9 0 small clusters ( Figure 2F ; YY1 in cluster_1, EZH2 in cluster_2, and SMC3 in 2 9 1 cluster_3). Another cluster was identified with very high binding affinity of RAD21, 2 9 2 REST, ZNF143, CTCF, and SMC3 ( Figure 2F cluster_5 ). Our results demonstrate 2 9 3 that different chromatin architectural proteins are involved in the regulation of 2 9 4 different silencer-associated chromatin interactions. In order to investigate the effects of H3K27me3 on MRR-associated 2 9 9 chromatin interactions and associated gene expression, we eliminated or reduced and these were the regions that had higher H3K27me3 signal before the treatment To interrogate the gene expression changes of MRR-related genes, we super-enhancer and typical enhancers) ( Figure 3B ). Similarly, a lower dose of drug 3 1 7 treatment in K562 and EZH2 knockout in HAP1 also induced H3K27me3 depletion concordance with the increased aggregation HAP1 EZH2 KO cells ( Figure S3J ). HAP1 EZH2 KO cells also expressed slower growth rate compared with EZH2 WT results showed that MRR-associated genes were highly susceptible to EZH2 3 2 5 inhibition and cell adhesion pathways were up-regulated. Based on the genes that were up-regulated following H3K27me3 depletion, 3 2 7
we selected candidate MRR-associated genes to examine whether their interactions 3 2 8 had been changed by EZH2 inhibition. ChIP-seq data at FGF18 gene showed that H3K27me3 level was decrease and there were accompanied lost peaks, while the H3K27ac and H3K4me3 signal were mostly unaltered ( Figure 3C ). By comparing the 3 3 1 4C interactions at FGF18 promoter in DMSO and GSK343 condition, we found that 3D, 1000 kb range view on the right). We further classified 4C interactions into 3 3 5 "gained", "lost", and "unchanged" categories, and showed that the unchanged 4C interactions showed a closer distance relative to the 4C bait compared with gained or results showed that short-range chromatin interactions stayed highly similar upon EZH2 inhibition and/or knockout. Next, we asked if MRRs function as silencers to regulate gene expression.
5 4
We selected 2 MRRs for functional testing based on the H3K27me3 signal, the internal looping example which showed many loops to FGF18, a fibroblast growth 3 6 5 factor involved in cell differentiation and cell-to-cell adhesion 43,44 ( Figure 4A ) and 3 6 6 MRR2, an internal looping example which showed many loops to IGF2, an imprinted 3 6 7 gene known to be associated with genomic silencers 45 and involved in growth, 3 6 8 development and cancer 46 ( Figure 5A ).
6 9
We designed the CRISPR deletion site at a 1 kb region in MRR1 (termed 3 7 0 "MRR1-A1") located in the FBXW11 intronic region that was associated with one of 3 7 1 two Hi-C anchors that loop over to FGF18 ( Figure 4A ). This region has high 3 7 2
H3K27me3 as validated by ChIP-qPCR ( Figure S4B ). MRR-A1 is part of cluster_8 3 7 3 (associated with low levels of cohesin proteins, high binding to GATAD2B; Table S8 ) 3 7 4 from Figure 2F . We performed 4C using MRR1-A1 as the viewpoint to detect all the 3 7 5 genomic locations that have chromatin interactions with this region in wild-type K562. The 4C-seq results showed that this region indeed had chromatin interactions with 3 7 7 FGF18 and several other genes such as NPM1 and UBTD2 ( Figure 4A ). Next, we performed CRISPR deletion and generated three knock out (KO) clones ( Figure S4C ). To scan for the target genes, we aligned RNA-seq data of one 3 8 0 KO clone and 4C-seq data ( Figure 4A ) and found that FGF18 and UBTD2 were both To confirm that upregulation of FGF18 was due to H3K27me3 removal, we treated Therefore, MRR1-A1 can act as a silencer repressing FGF18 gene expression via 3 8 9
chromatin looping in K562. To explore if this looping silencer is cell type specific, we 3 9 0
called MRRs in seven cell lines and found FGF18 MRR is specific to two of the 3 9 1 seven cell lines, K562 and GM12878 ( Figure S4D ) which suggested that silencers 3 9 2 are specific to different cell types and might control the cell identity related genes.
3 9 3
Since FGF18 has been reported to be involved in cell differentiation and cell-3 9 4
to-cell adhesion 44,45 , next we asked if KO cells showed any phenotype. To address 3 9 5
this, we performed gene ontology (GO) analysis which showed that KO cells may 3 9 6
undergo cell adhesion and cell differentiation ( Figure 4D) . First, we observed that the 3 9 7
KO cells show increased adhesion to the cell culture plate surface and formed 3 9 8
aggregates while wild type cells are suspension cells ( Figure 4E ). The adhesion 3 9 9 ability was further quantified by cell adhesion assay ( Figure 4F ). Second, those can be partially rescued by FGF18 knock down ( Figure 5B ) which suggested that 4 0 8 erythroid differentiation is indeed caused by FGF18 upregulation ( Figure 5C ).
0 9
Leukemic cell differentiation induction is associated with cell growth inhibition 4 1 0
and small molecule inhibitors such as All-trans Retinoic Acid (ATRA) that can induce clones showed inhibition of tumor growth in the mice (Figure 5D and 5E). This tumor MRR2 was validated in the same manner as MRR1. Specifically, we designed 4 2 7 another 1 kb deletion in MRR2 (termed "MRR2-A1") located in an intergenic region 4 2 8 10 kb away from the long non-coding RNA H19 that was associated with one of 4 2 9
three Hi-C anchors that loop over to IGF2 (Figure 6A ). High H3K27me3 signal of 4 3 0 MRR2-A1 was confirmed by ChIP-qPCR ( Figure S5A ) and chromatin interactions to 4 3 1 IGF2 were confirmed by 4C-seq ( Figure 6A ). MRR2-A1 anchor was in cluster_5 in 4 3 2 Figure 2F , and it has high binding affinity of CTCF, RAD21, SMC3 and REST (Table   4 3 3 S8). IGF2 upregulation is due to H3K27me3 removal ( Figure 6C ). Similar to MRR1, this 4 4 0 IGF2 looping silencer was also cell type specific ( Figure S5D ).
1
We performed RNA-Seq on the MRR2-A1 KO cells as compared with empty 4 4 2 vector cells, and in Gene Ontology analysis, we found the term for "cell 4 4 3 differentiation" (Figure 6D ). Thus, we asked if those KO cells are also undergoing 4 4 4 erythroid differentiation. We checked the same hemoglobin genes. We found the 4 4 5
haemoglobin genes (HBB, HBZ and HE1) were upregulated in the KO cells ( Figure   4 4 6 6E) and their upregulation can be rescued by IGF2 siRNA knock down ( Figure 6F ).
7
Finally, we tested to see whether the CRISPR KO cells showed tumor growth growth inhibition of two different clones ( Figure 6G ) which further suggests that 4 5 0 silencers can control cancer growth. Therefore, this IGF2 example together with 4 5 1
FGF18 example confirmed the existence of two looping silencers and showed that 4 5 2 looping silencers are involved in the control of cell identity and tumor growth. Through the FGF18 and IGF2 example, we confirmed the existence of looping First, we asked whether chromatin interaction landscape will be changed upon 4 6 0 looping silencer removal. We performed 4C-seq in the KO cells and control cells. Using IGF2 as the bait, we detected there are 33 chromatin interactions lost and 12 4 6 2 chromatin interactions gained after knocking out while a control bait remains highly 4 6 3 unchanged ( Figure 7A, Figure S6A ). We further confirmed several lost loops by 3C- Next, we classified chromatin interactions into three types: unchanged loops, and density, we found that the average distance of changed loops are greater than 4 7 0 unchanged loops which indicate that the distant loops which are further away to the 4 7 1 bait tend to change ( Figure 7B) , which is consistent with the H3K27me3 depletion MRR2 has high H3K27me3 signal, therefore, histone modifications may play 4 7 7 a role for the IGF2 upregulation. We performed H3K27me3 and H3K27ac ChIP-seq 4 7 8 in the KO cells and control cells ( Figure S6C ). We found that H3K27me3 decreased along IGF2 gene region in the KO cells ( Figure 7C ) while a control region remained 4 8 0 similar ( Figure S6D ). This suggested that silencer removal will cause H3K27me3 Next, we performed integrative analysis of 4C-seq and ChIP-seq. Surprisingly, 4 8 3 we found that the initial histone states of the cells before knockout were associated H3K27ac and medium H3K27me3 tend to be lost.
8 9
Moreover, in examining the unchanged loops, we observed a slight decrease 4 9 0
in H3K27me3 while levels H3K27ac remained similar ( Figure S6E ) which suggested 4 9 1 that the repressive ability of those anchors became weaker.
9 2
Taken together, the regions that loop to IGF2 in the KO cells are now more anchors. Secondly, the retained loops which had strong H3K27me3 levels at the 4 9 7
control cells show weaker H3K27me3 levels now ( Figure 7E ). Silencers are important regulatory elements for gene regulation, and several 5 0 1 studies have suggested that they loop to target genes, in a manner analogous to (Table S1 ) and several methods have been proposed to 5 0 4 identify silencer elements (Table S2) , however, there is no consensus yet.
0 5
Additionally, no silencers that work via a looping mechanism have been 5 0 6 characterized yet except several PRC2-bound silencers in mouse 13 . Here, we In this way, we found that MRRs are highly associated with chromatin 5 1 0 interactions and can be perturbed by EZH2 inhibition. Through H3K27me3 clustering, 5 1 1 ranking and associate them with chromatin interactions, we validated two looping IGF2 example demonstrated that silencer removal will cause altered chromatin 5 1 5 interaction landscape and altered histone modifications.
1 6
In the EZH2 inhibition and knockout data, we showed that MRR-associated 5 1 7 genes as well as long-range chromatin interactions were susceptible to the depletion 5 1 8
of H3K27me3 histone marks. The differences in the de-repression of genes 5 1 9 associate with MRR and typical H3K27me3 peaks suggest that different genes may 5 2 0 response differently and their response may correlate with their chromatin state.
2 1
Although differences in chromatin interactions have been observed in cells at 5 2 2 different developmental stages 51,52 , whether chromatin interactions can be affected showed that the contacts between enhancers and promoters were present in the interactions may be affected by depletion of H3K27me3. The regulatory elements at 5 2 8 a great distance can be brought into proximity to genes and form a permissive or repressive microenvironment around genes to help regulate their expression. To The mechanism of how silencers function to repress genes will be an 5 3 5
interesting topic to explore. Through the IGF2 silencer example, we showed that that initial conditions can predict the lost loops. Importantly, we found that the initial 5 3 8
histone state determines whether loops will change, which provides evidence that chromatin interactions and may also function as silencers. It would be interesting to see Hi-C interaction. One-tail wald test was used for testing significantly up-regulation. All The ChIP signal and peaks of H3K27ac, H3K27me3, and H3K4me3 are shown. D. The proportions were calculated separately for each distance category (short suggesting that long-range interactions are perturbed. H3K27me3 and H3K27ac for four regions (R1-R4) at IGF2 gene in EV and KO cells. Data shown here are average + standard error. P value less than 0.05 is shown as *. that initial histone states are associated with changed loops. 
